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Abstract
Based on the known U-disequilibriuin decay law whereof several dating methods have been
devised (e.g. in dating speleothems, paintings, shells) a novel idea of dating ancient metals is pre-
sented based on the Radium-226 separation from metal during the smelting process. *?°Ra is gone
with slag and its products, while in metal it grows from remaining traces of ?>*U. Within about 8,000
years the growth reaches equilibrium which sets the upper limit to the method. A review of indirect
dating methods of metallurgical remains is outlined, while the advantages and limitations of the novel

method is discussed in connection to these metallurgical activities based on preliminary isotopic data.

Keywords: uranium, isotopes, dating, metals, alpha counting, radioactive, Radium-226, ores,
bronzes.

Introduction Copper metallurgy has started in different times
Early metallurgy starts with the exploitation of na- amongst different cultures flourishing in the Mediter-
tive copper and gold and copper ores (Piggot 1999; ranean and Near East. Archaeological evidence sug-

Hartmann & Sangmeister 1972; Tylecote 1987; Moorey gests that copper was first used between 8,000- 5,000
1994; Notton 1974). Native copper and gold were used B.C., most likely in eastern Anatolia to Mesopotamia
before Early Bronze Age Europe, unalloyed with other and —toward the end of this period- the Indian sub-

metals, subjected-initially to annealing ~the first step continent (Piggot 1999; Moorey 1994).

toward true metallurgy- and next to consolidation by In Greece it appears during 5th millennium BC
melting and simple casting of molten into molds, and “known as late Neolithic period and corresponds in the
often solely shaped by cold hammering and cutting of development of an ‘indigenous metallurgy’ in Balka-
the cast piece. Later at some point copper ores were dis- ns during Bronze Age (Renfrew 1967; McGeehan,
covered and their smelting which lead to bronzes. 1996; Arfara, 2007). :
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These metals replaced lithic tools around 3rd mil-

lennium BC. Such ‘invasion’ was realized with the -

practice of pyrometallurgical technologies of ore melt-
ing. At the same time metals become abundant takes
place greater development and extension of trade and

like handmade artifact specialization, two factors that -

lied down the basis of the coming ‘first embryonic cul-
tures’ (McGeehan 1983; Arfara 2007).

Archaeometrical research has been directed to the
reconstruction of early trade routes and contacts of an-
cient but mainly prehistoric societies and their tech-
nological development, from the location of metallur-
gical sources (ore deposits) and analysis of metal arti-
facts through lead isotope and other physical meth-
ods of chemical analysis. ‘

Metallurgical slags are very important materials to
- study since they are direct evidence of pyrometallurgi-
cal processes and can provide us with clues regarding
way of metal acquisition — from the melting of native
copper (or re-melting of different objects) and smelt-
ing of ore. This point has particular interest regarding
the earliest attempts of metallurgical techniques in the
3rd millennium BC (Tylecotte 1970, 1987).

Slags offer important information about ancient
technology and are datable by TL. The latter becomes
even more useful when it is referred to early metal-
turgy (Liritzis and Liritzis 1986).

The dating of metallurgical processes is made in-
directly by,

a) dating datable materials associated with these
processes by thermoluminescence (TL) and Op-
tical stimulated luminescence (OSL) of burnt
soil in kilns and crucibles, of remaining core
material in the metal artifact and slag products
(Elitzsch et al. 1983; Lefferts et al. 1981).

b) radiocarbon (C-14) applied on carbon found in
trapped slag inclusions and even through the car-
bon from the carbides in the smelting of ores us-
ing charcoal (mineral fuel) itself, using AMS C-14,

¢) ageing processes of gold-copper-silver alloysi.e.
phase separation and/or ordering, over the
course of time (Seruyaand Griffiths, 1995) -by
determining the rates of these ageing processes
which involve slow progress towards ambient
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temperature equilibrium, provide a ‘clock’ that
can be used to develop a new approach to the
dating of gold-copper-silver alloys, that provides
some indication of its date of manufacture. Even
a very rough indication of age might be valuable
in many cases.! ‘

d) the hitherto attribution of an age from their as-
sociation with other archaeclogical artifacts, or
on stylistic grounds, i.e. regarding the sculpture,
its pose, iconography, base, with other words
the typology and morphology (Reedy 1997).

e) Corrosion processes, the formed patina may d-
ifferentiate between an old from a recent object.
Corrosion is extremely variable depending on
the particular conditions every metal item has
been subjected (Lefferts et al. 1981).

It cannot be ruled out that the early melting was
carried out in charcoal hollows in a larger scale version
of present day simulation experiments (melting point
for copper 1083° C and for gold 1063° C).

With native metal pieces of gold from alluvial
sediments, repeated remelting changes the compo-
sition. In fact during melting of alluvial gold some
solid debris is seen to float on the surface of the
molten gold rather representing a combination
mainly of gangue material from alluvial grains and
ash traces. Subsequent analyses (SEM-EDXRF, LA-
ICP-MS) have shown evidence of successive loss of
certain elements, particularly lead and the higher
bismuth as they are more volatile at the melting
point of gold, and of strontium associated more with
gangue material that join the surface detritus (Tay-
lor et al., 1995). Most native gold artifacts contain
associated major elements of silver (up to 30%) and
copper (up to 20%), with trace elements to follow.
It is this fact of differences in trace/ultratrace ele-
ment. composition that gold ‘fingerprint’ is based.
It is this premise that gold associated with a specif-
ic mineralizing event can inherit a particular minute °
element signature unique to that event or process,
and that this signature can be detected in early gold
artifacts where they have been manufactured by the
melting up and forming of the alluvial gold. It can
however been assumed that there is a low probabil-
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ity of the mixing of gold from different sources dur-
ing this early period of gold use. Then the signature
may be modified by the relative loss of elements in
the melting process, either by the evaporation of
more volatile constituents, or preferential separa-
tion with the lighter gangue material in the melt.
The process is significantly less severe in the modi-
fication of the composition of the metal gold as com-
pared to the major partitioning of trace element that
takes place during the chemical reduction in the s-
melting of a metal, such as copper, from a sulphide
or carbonate ore. The trace composition can also be
significantly modified in subsequent alloying.

Basic carbonates malachite (bright green, CuCO,.
Cu(OH),, specific gravity=4) and azurite (light blue,
2 CuCO,. Cu(OH),, specific gravity=3.8, ) have been
exploited in oxidized zones of copper deposits (and
rarely as a cemented material in sandstones), espe-
cially in areas where there is much supergene alter-
ation, which created the friable nature (fracture is
conchoidal and brittle) of the parent rock contain-
ing these ores. This allowed the Bronze Age miners
to extract them using rib bones, picks of sharpened
long bones with condyle still attached for ease of
gripping, and hammers made from small beach boul-
ders. Evidence from small ‘chips’ or fragments of
bronze, suggest that metal implements may also have
been used. Ore was separated by hand, and the mala-
chite and azurite, both brightly coloured, were se-
lected.

Study of ancient and prehistoric metallurgy at first
involved analytical work on metal composition sought
to distinguish quantitatively and semi-quantitetively
between copper, copper alloys and tin-bronzes, dif-
ferentiation between native and smelted copper and
determination of whether and where sulphide, as op-
posed to oxide, ores were smelted (Balthazar, 1990;
Knapp, 2000). However, provenance studies for met-
als, especially about copper trade in the Mediterranean
Bronze Age, has attracted special attention, though
multiple questions are still unanswered related to mix-
ing and lead isotope fields overlapping effects (Muh-
ly, 1989; Knapp, 2000).

The first use of metal is native copper and gold.
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Eventually, native copper sources were exhausted and
copper oxides with striking colors those of malachite
(green) and azurite (blue) were exploited.

The recognition and selection of metal ores, the
knowledge of metal extraction and their hard proper-
ties by prehistoric people for making tools and
weapons but also for religioﬁs and cosmetic use, must
have along cumulative experience of millennia in their
endeavor to secure everyday needs of hﬁnting and gath-
ering purposes, cultivation and agricultural activities.

The metal finds vary from pins, bracelets, jewelry,
spearheads, axes to coins and of variable size statues.

A dating method directly applied to metal artifacts
is missing. Any such method obviously would help ar-
chaeological interpretation regarding earliest metal pro-
duction, metal trade, and questions of authentication.

Along the latter notation we are presenting a first
attempt to dating metal finds based on 226Ra daugh-
ter isotope of the 2_38U series (Liritzis, 1983b).

However, it is necessary to first briefly report on
the metal (bronze) and slag composition and the iso-
topic fractionation during smelting, as well as the cur-
rent U-disequilibrium dating methods of various ma-
terials, since the newly proposed method is based on
such decays.

Metal and slag composition

Metal finds from archaeological contexts since pre-
historic times are summarized into mainly bronzes,
iron-based, lead and lead oxhides, gold and silver.

Composition (chemical elements and mineralogy)
is revealed from chemical analysis and metallograph-
ic sections.

Bronzes for example consist of >90% copper al-
loyed with tin (Sn) or arsenic (As), lead (Pb) or anti-
mony (Sh). The added elements range between 0.05
to 9%, the max values attributed to As, Pb, Sn for the
Bronze Age (Renfrew, 1967; Craddock, 1976; Maddin
& Muhly, 1974; Charles, 1967; Madin, 1987;
Northover, 1987). )

Copper extracted from smelting (Cu specific grav-
ity= 8.93 g/cm3, melting point.= 1083° C, boiling
point=2580° C), contain trace of arsenic and other
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contaminant elements derived from original ore re-
mained from the smelting during ore reduction (Sn,
Pb, Fe, Ni, Ag, Bi), all amounting to about 1%.

The evolution of mixing, separation and smelting
techniques follow progressive phases. Thus, arsenic
bronzes of Early Bronze Age, for example, follow tin
bronzes during Middle Bronge Age, while lead is in-
troduced during Mycenean period and establishes as an
deliberate alloy during Geometric period. Progres-
sively, the practice of alloying is introduced, acciden-
tal contamination is recognized and becomes consci-
entious the deliberate choice of raw material depend-
ing on use.

Depending on the type of ore ancient slags contain
the major element oxideés CaO, TiO,, K,0, Na,0, AL O,,
MgO, SiO,, MnO, Fe,O, and trace elements (Pa-
pademetriou et al., 1988; Bachmann, 1988; Liritzis
etal., 2007).

Ores contain traces of uranium, thorium and their
daughter products derived from their radioactive de-
cay. On average, uranium in copper ores is 2.4 ppm
(1-3 ppm) and thorium-232 in ores is 0-1 ppm (1
ppm U-238= 2.53x10' atoms per gram) (Liritzis, et
al., 2007). Due to the high'age of ores, uranium se-
ries is in secular equilibrium, i.e. the number of pro-
duced nuclei equals those that decay for the short and
long-lived parents. However, during smelting of Cu
ores some element oxides of high specific gravity
(sp.g.>6 g/cm?) in earliest trials were contaminants,
and with later progress (early Bronze Age) were de-
liberate additions to metal copper. Such metal ele-
ments with high/medium specific gravities (in g/cm?)
and high-low melting points (° C) included: As
(sp.g.=5.7, m.p.=817), Sn (sp.g.=7.3, m.p.=232), Pb
(sp.g=11.3,m.p.327), Sb (sp.g.=6.7, m.p.=630), Ni
(sp.g.=8.9,m.p.=1453), Ag (sp.g.=10.5, m.p.=961).
Uranium and thorium isotopes with their high specific
gravity are withdrawn into the metal phase, while ra-
dium with the sluggish phase of smelting.

Isotopic separation / fractiona-
tion

The separation / fractionation of U and Th daugh-
ter products during smelting lacks in literature, but
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the process broadly resembles melting in magma
chambers (Tarbuck and Lutgens 1987). There are
quite a number of mechanisms in operation in a s-
melting furnace (more like a magma chamber). At
least four of them are, a) sorting by density, b) sorting
by melting point, c) sorting by how easily something
is incorporated into minerals that form at the slag
product (like the top of a magma chamber) (some-
times one has repeated melting and solidification, in-
troducing more complications), and d) differences in
solubilities (Faure 1986). Surely, it is hard to keep
track of this all, much alike especially with the diffi-
culties encountered in exploring magma chambers.
However, the main difference with magmas is the lower
melting point ores are subjected, since by the 1100°Cthe
melting point of of Cu, Ag and Au is reached. Thus,
these mechanisms will be definite factors that may
change relative concentrations of parent and daughter
isotopes in some way in magma processes but not ef-
fective in smelting processes.

Thus, most lavas have excess radium today. High
Ra-226/U-238 ratios are a common feature of primi-
tive magmas, which magma-generating processes pro-
duce. Radium-226 has a low melting point (700° C =
973 degrees K) which may account for its concentra-
tion at the top of magma chambers i.e. the sluggish
products poured away the metal phase deposited in
the bottom.

A very interesting anomaly is reported regarding
the 238U decay chain, which is 238U, 234U, 230Th,
226Ra, 222Rn, 2181)0, 214PO, 210PO, ZIOPb, 21°Bi, 206pp
(Cortini, 1982). The halflife of 238U is 4.47 x 10° years
and that of 22°Ra is 1.6 x 10° years. Thus radium is
decaying 3 million times as fast as 238U. At equilibri-
um, which should be attained in 500,000 years for this
decay series, we should expect to have 3 million times
as much 238U as radium to equalize the amount of
daughter produced.

Geologists discovered that ten times more 226R,
than the equilibrium value was present in rocks from
Vesuvius. They found similar excess radium at Mount
St. Helens, Vulcanello, and Lipari and other volcanic
sites. The only place where radioactive equilibrium of
the 238U series exists in zero age lavas is in Hawiian
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rocks. Thus instead of having 1/(3 million) as much
radium as uranium, which we should expect, there is
ten times as much, or 1/(300,000) times as much ra-
dium as uranium (Cortini 1982).

How is this excess of radium being produced? This
radium cannot be the result of decay of uranium, since
there is far too much of it. Either it is the result of an
unknown decay process, or it is the result of fraction-
ation which is greatly increasing the concentration of
radium or greatly decreasing the concentration of u-
ranium. Thus only a small fraction of the radium pres-
ent in the lava (at most 10 percent) is the result of de-
cay of the uranium in the lava.

U-Series disequilibrium dating
methods

Disequilibrium occurs if the U-series “closed sys-
tem” is disturbed, either by dissolution of radio-
chemical agents (leaching/ enrichment) or firing at
melting temperatures, :

In fact the decay scheme of U-238 is:
238U(t,,,=4.47E9 years)- 234Th(24.1 days) 23*Pa(1.17
min)-23%U(2.45E5 yrs)-239Th(75.4E3 yrs)-
226Ra(1600 yrs)-222Rn (3.83 days)-218Po (3.05 min)-
214Ph (26.8 min)-21*Bi (19.9 min)-21*Po (162 ps)-
210Pb (22.2 yrs)- 219Bi (5.01 days)-210Po(138.4 days)-
206ph (stable) (Lorenz, 1983; Liritzis & Kokkoris,
1992).

Activity is defined as = dN/dt = -A.N,, from which
the radioactive decay law derives

N, = Nt (D

Where N, is the number of active atoms present at
the beginning of the observations (t=0) and A is the
. radioactive decay constant. The mean life is defined as
t=1A (2)

For the half-life t,,, during which half the atoms
disappear by decay is given by: ’

Ny/2=Ng2  from which,

ty,=loge2/A=06931=0.693/X (3)

The activity ratios U-234/U-238 andTh-230/Th-
232, Ra-226/Th-230, Th-230/U-234 vary in nature
depending on the type of the involved rock. Rocks un-
affected by weathering for 1 million years the 238U-
234U- 230Th are in secular equilibrium. Exposure to
weathering forces may imitate processes causing dise-
quilibrium. In the course of weathering and erosion
chemical and biochemical agencies dynamically influ-

- ence the distribution patterns of uranium and thori-

um, as well as all the nuclides produced by radioactive
decay of these elements. Radioactive degradations of
the rock-borne 238U, 235U and 232Th nuclides create
many additional nuclides, which are distributed among
many different chemical elements, Chemical reactivi- -
ty of these elements fluctuates between radon, a noble
gas, and the tetravalent Th4+, which is absorbed and
held tenaciously on particle surfaces. The U-234/U-
238 ratios in various soil types and rocks vary between
0.80 to 1.20 (Liritzis 1989b; Hansen and Stout 1968).
Moreover the groundwater percolation has noticeable
effect on the transport of sediments through fissures in
the rocks as a result of weathering / erosion processes.
Such sediments therefore must partially reflect isotopic
ratios of the groundwater action. In Finland, analyses
of groundwater from bedrocks gave U-234/U-238 ra-
tios ranged from 0.76-4.67 and U-238/Ra-226 ratios

* that ranged from 1 to 20. The high U-238 /Ra-226 ac-
- tivity ratios were found particularly in samples with an
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elevated U-content and may have resulted rather from
the selective leaching of U than from the lack of Ra-
226 in the formation involved (Asikainen 1981).
This disequilibrium effect has been used elsewhere
as the basis of dating: a) white lead (Pb-210) pigment
dating (Keisch1970; Keisch et al. 1967), and b) U-
Th of speleothems (stalagmites, stalactites, travertines,
flowstones) (Liritzis 1982, 1989a; Liritzis and Gal-
loway 1982b; Schwarcz 1980; Ivanovich etal., 1992).
An appreciation of the disequilibria effect is gained
from the family of built-up curves of dose temporal
variation derived from U-series for various conditions
of parent 28U to daughter isotopes 234U, 23°Th and
225Ra, based on the U-238 decay scheme (see, fig.1 in
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Figure 1a. Growth curve of Ra/Th activities (eq.9 in text) for
Np(0)= 0. Equilibrium between Ra-226 and Th-230 is
achieved at around 10.000 years.
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Figure 1c. Ra/Th activity ratio as a function of time, for a
non-zero initial Ra, as in fig. 2b, where ultimate decay after
the point of transient equilibrium follows thorium decay
scheme.

Kokkoris & Liritzis 1997 Liritzis 1989a).

In fact the U/Th radiometric, or absolute, dating
technique relies on the radiogenic growth of 22°Th
back to ‘secular’ equilibrium with its parent 23U and
2381 isotopes. If the initial value of 23°Th is zero (as
is usually the case in speleothems) then it takes about
350,000 yrs (as measured by alpha-spectrometry) or
500,000 yrs (if measured mass-spectrometrically) to
re-establish equilibrium. So the U-series dating
method is useful up to that limit and it usefully com-
plements and extends the radiocarbon method in
many cases. The dating of stalagmites, hot-spring de-
posits and fossil corals is relatively straightforward un-
less contaminated by dirt. In such cases various lab

12000

o] 2000 4000 8000 8000

10000
years BP

Figure 1b. Radium growth for a non-zero Ny(0) (=0.1 dpm)
which depends on the amount of activity initially present.
The greater N,(0) pulls transient equilibrium peak to
younger ages (N,(0)=10). '

techniques are developed to deal with the problem.
The U-Th method has found good use in dating ar-
chaeological cave sites and hominid sites (Liritzis 1980
a, b; 1983; Liritzis & Galloway 1982a; Schwarcz and
Tatham 1989; Ivanovich et al. 1992).

In Pb-210 dating this method is based in the ra-
dioactive decay of lead isotope Pb-210, in a similar
way to C-14 decay. The white lead pigment is pro-
duced from the extraction of metallic element Pb-210
from the smelting of sulfuric ore PbS which process
results to production of galena or litharge (PbO + Ag
+ other contaminants). Within this ore uranium traces
with daughter products in equilibrium exist. Such ra-
dioactive equilibrium is destroyed by the high tem-
perature during smelting in kilns and their casting in
molds. Lead ore is processed to form white lead with
a result radium is removed with other waste products -
(slag (litharge) products), while lead 2!°Pb remains
with the metal (specific gravity of Pb= 11.34 g/cm?).

Thereafter 21°Pb decays exponentially with a half-
life of about 22 years without any more supported by
parent 226Ra, an alpha particles emitter, However, sec-

~ ular equilibrium is reached within about 200 years
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due to traces of 226Ra remaining in the white powder.

Such drastic drop in radium concentration from s-
melting can amount to 0.1 decays per min/ gm of Pb
(units of dpm/g, disintegrations per minute per gram).
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TABLE 1
Some ‘classical’ constant of Radium-226
Constants ' Value
Half-life (t, ) ) 1622 years
Decay constant, A 4.3322 B-04yr!
Number of a-particles emitted per second from 1 g of Ra 3.60810E10
Number of a-particles emitted per second from 1 Curie of Ra 3.701E10
Heat emitted per hour by 1 g of radium in equilibrium with its products 619 Joule
Specific gravity _ 5-6 g/ cm?
Density 5 g/em’
Melting point 700°C
Boiling point 1140°C

,,“__Appendlx , ; - . - . .
. Thorium has densuy 11 5 g/cm3 meltlng pomt 1 700" C and b01hng pomt 4 20()° C On the other hand Ura-
. ,mum has den51ty 19.05 g/em?, melting point 1, 133° C and boﬂmg point 3,800°C. The relatlon between mass and.
- activity is m = A*(AW)/ }\*N i A=activity, AW atomlc Welght h decay constant of lsotope -0 69/t1,2, and N Avo-

adro’s number= 6,023*1 023 atoms/mole, and Specific activity =n /0. 693*t dpm/g or Ba/g, where n = number of
g 1

nuchdes g = Avogadro number (atoms/mole) / (g/mole) nuclide.(e.g. }‘Pb = 0.031 /y1). From the above the relation
 between activity and content is: 1 Bg=1 dlsmtegrat; n / sec 27 pCi,and 1 Gi = 3, 7E10 decays / sec (— Becquerel)‘
= or 1 pCi= 1.16E6 decays/yr Then, 1 ppm 238U -2 5515 atoms U-238/g and 1 pCi /g 238U 3.03 ppm, 1 pC1 /g
232Th 9.15 ppm and 1 pCi/g 226Ra- 10E 6 ppm and 1 pCl/g 230Th- 0.048E- 3 ppm. For parts of the decay chain -
 the absorbed dose is: 229R-%9 Pb ~ 20,27 MeV alphas, so 1 166E6 pCi/g *29.27 MeViyr = 34*106*1. 6*107-546
' mGy/yr The relatlonshlp between acnwty and absorbed dose rate is: 1 Bq/Kg 238U 0. 01 16 rnGy/yr, 1 Bq/kg 232Th,

=0 00702 mGy/yr qu/Kg 226Ra 2. 74E 8 ppm and 1 Bq/Kg szb —3 53E-10 ppm ' .

This tiny activity may start as 10 milligrams of However this equation aids authenticity tests, since
sample will eventually approach background level of modern day paintings is expected to contain unequal
noise, something about 0.001 dpm/gi.e. 100 times s- amounts of Ra-226 and Pb-210. A noticeable example

maller activity. for this dating method concerns a forged painting, the

The 219Pb activity in a recent painting may be be-

tween 1 to 150 dpm/g which depends on original ore
deposit.

Alow activity soon decays away and detection be-

comes extremely difficult and the dating impossible.

The dating method is given by eq (4)

Pb, —Ra, = (Pb - RaJexp (-A.t) @

Where Pb and Ra, are measured activities, Pb  ini-

tial activity, A = 0.031 disintegrations per year, and t
the time elapsed since separation of isotopes.

Without knowing initial Pb, dating is impossible.
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Disciples of Emmaus by Van Meegeren; the portrait
was declared genuine by a noted art scholar and sold
for $170,000.

In dealing with U-disequilibrium decay curves,
the 236Ra decay and ores’ natural concentrations, as
well as some characteristic constants of Radium-
226 are given in Table 1, while the attached Ap-
pendix to the Table 1 provides useful conversion of
units relating number of atoms, dose-rate, half-life
and activity.

Along similar principles a dating method of met-
als has been devised based on the 226Ra/23Th dise-
quilibrium ratio during smelting (Liritzis, 1983b).
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Figure 2. Thorium-230 decay scheme.

The rationale of the radinm dat-
ing of metals: a tutorial

During melting and smelting procedures of ores in
kilns or open air fires (crucibles) and separation of s-
lag from metal phase the radioisotopes are fractionat-
ed too. This is due to respective reactivity of these nat-
ural isotopes. Radium is an alkaline-earth metal, high-
ly reactive and oxidizes in air, with valence states 0
and 2+. Oxidation potential is as great as those of Ca,
Sr, Ba. Thorium with a valence 4+ is a member of ac-

tinide series and resembles to Zr and Hf. With halo-

gens and organic acids forms common salts, and is
tenaciously adherent to aluminosilicates. In contrast,
Uranium is easily mobilized by hydrolysates.

Apart of the chemical reactivity, in particular, the
226Ra daughter product of the 238U series is withdrawn
by slag products away of the melted metal, as a result
of its lower specific gravity, e= 5-6 g/cm?, and its low-
er melting point (700° C) than that of copper (1083°
C). Thus disequilibrium is set with a zero expected
theoretical ratio 22°Ra/230Th in the metal.

Although the effect of U-series disequilibrium is
significant for great ages compared to the half-lives of
the involved isotopes and applies to palaeolithic times,
the 1600 years half-life of 226Ra is comparable to the
elapsed time since the onset of metallurgy in prehis-
toric archaeology. Therefore 226Ra production towards
equilibrium with 23°Th follows the known exponen-

tial decay law of radioactivity for a time period equiv-

alent to several half-lives which cover the whole of
prehistory of the world (about 10,000 to 3,000 years
before present). Therefore this growth of 226Ra back

0 20000 40000 6001 80000 1000 12000

years BP

Figure 3. Sole Radium-226 decay without any thorium par-
ent support, ’

to ‘secular’ equilibrium with its parent 239Th is the
basis of the new method. (Fig. 2a, Fig.4).

Disequilibrium between 238U and 2%6Ra is com-
mon with 22%Ra usually in excess. Once metal is sep-
arated from slag and its products, ideally radium
(226Ra) is gone with slag and metal remains free of ra-
dium. ‘

Although this is accord with theory in practice traces
may remain. Thereafter in metal 226Ra is grown from
230Th while 239Th decays. Fig.la shows the growth
curve of eq.9 below, for N (0)= 0. Equilibrium is
achieved at around 10.000 years. For a non-zero N (0)
the radium growth depends on the amount of activity
initially present. The greater N,(0) pulls transient e-
quilibrium peak to younger ages (Fig. 1b), thereafter
ultimate decay follows thorium decay scheme (Fig.1c,
Fig.2). The equations governing the process are:

For the decay of Th-230: dN;/dt=-A; Ny (5)

For the growth and decay of Ra-226:
dNp/dt = A N-A N : 6)

Where N and N, are the number of atoms of 2°Th
and 25Ra present at time t, and A =8.664301 E-06 yr ™.
Eq (6) may be solved to give N and Ny, if the quan-
tities or activity or disintegration rate, of these two atoms
present at time t = 0 1.e N(0) and Ny(0), are known.
Thus, from eq.(5) and eq.(6):

84—



THE DATING OF ANCIENT METALS: REVIEW AND A POSSIBLE APPLICATION OF THE **Ra/**Th METHOD

0035 ¢
003 4
0625

002

NpNp

0018
0014

0005 +

0 5000 10000 15000 20000 25000
years BP
Figure 4a. Variation of Np/Ny. versus time of eq.(8) in the

text, for N, (0) = 0.1 (lower), 0.15, 0.2, 0.25, 0.30 (upper)
dpmy/g and Nj(0)= 10 dpm/g.

Activity of Th = ANy = AN (0)et (N

Activity of Ra = Ap.Np = A, N (0) et 4 A A, N.(0)
[ehrt — eMrt]/(QAp-Ap) (8)

Where A, A (=8.664301 E-06 yr‘l) decay con-
stants of 226Ra and 230Th respectively (Kokkoris and
Liritzis 1997, Liritzis and Kokkoris 1992).

It is assumed that initially in the deposited metal
226R4 1s ot present, N (0) = 0, and then at any time

Activity of Ra/ Activity of Th =
Agl1-e~Gr=2tl/ (A -0 9
For Maughter > Aparent (daughter shorter lived than
parent), the activity ratio of eq. (9) increases with time
and tends to the constant value Ag/ (Ag - A1), and both
activities decay ultimately with the half-life of thori-
um-230. When this ratio has been established, a state
of transient equilibrium exists. Thereafter, decay ratio
is driven by thorium decay (Fig.1c and Fig.2).
The product activity reaches a maximum at a time
given by dN/dt = 0, or from eq.(8) with N(0)= 0

Aperht = Ae Mt (10)

and the parent and daughter activities are then in-
stantaneously equal. And at this time only the nexte-
quation exists (Fig.1c),
A Np= AN, an

If Ndaughter>>Aparens Which is the case here
(Ag=4.33E-04 >> A, =8.66E-06) then the ratio of ac-
tivities tends to unity i.e. the value A/ (A - A), and
we have the case of secular equilibrium in which
daughter Ra isotope grows at a rate determined by its
own decay constant until it reaches an activity equal
to that of its parent Th (similarly the growth of radon
from radium). Thereafter the decay is governed by par-
ent thorium’s rate. 239Th decays as a function of time,
but its t, , is so long in comparison to the archaeolog-
ical time in question that safely during this time span
we regard the decay as linear (Fig. 1c and Fig.2).

In the case of long-lived parents, such as uranium

‘or thorium, it is clear that when secular equilibrium

has been established the quantities of successive prod-
ucts present are given by the equations:

ANL(0)= AgNgp= Ay N .....= constant (12)

corresponding to 230Th, 226Ra and 222Rn in the
U-238 series (the stable end product of 206Pb is ex-
cluded from this constancy since it continually accu-
mulates). The activities are constant throughout and
the relative amounts of different products are inverse-
ly proportional to their decay constants. All-above for-
mulae have been elaborated by Bateman (Bur-
cham,1973). '

From measured activities of 226Ra and 230Th in
metals eq.(9) is the age equation.

However, if traces of 226Ra are present initially in
the metal as N (0) then eq.(8) is the age equation
(Fig.1b). In the latter case one needs to know N0,
and the initial trace amount of N,(0). (N (0) and
N(0) in metals can be estimated from present day
simulation experiments). Due to relatively high half-
life of 239Th (72,000 years) with respect to the ar-
chaeological period concerned (around 8,000 years),
present day measured N .(t)N..(0) for the 5-6,000
years time span. But still N;, (0) remains unknown and
only further experimental work may resolve the issue
(Fig.3). However, if most 239Th with its high specific
gravity has gone into metal phase the remaining
amount in slag will support the decayed 22°Ra in a
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_Figure 4d. for Np(0) = 7 and N1 (0) = 10.

way similar to Fig.4 (a, b, ¢).

In any case, calculations of eq.(8) show. that for

low initial residual 226Ra (e.g. 0.1 dpm/g) content
in metal and low Ra/Th ratios << 0.02 the curve of
N, / Ny versus time exhibits a growth mode based
mainly on 2°Ra which provides a near flat curve in
the first 10,000 years. For higher 226Ra content and
Ra/Th ratios >> 0.02, the Ny / N versus time ex-
hibits a decay mode based mainly on the 22Ra de-
cay which dominates 230Th transformation to Ra
(Figs.4). For example, for NR(O) 21 dpm and
N.(0)=10 dpm the decay mode that dominates is
that of 226Ra where the drastic variation within the
10,000 years is quite usable for age differentiation

purposes. Again, here, as mentioned above, present

230Th can be assumed equal to initial 230Th. In fact

08
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Ng/Nr
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Figure 4c. for Np(0) = 5 and N(0) = 10.

within 10,000 this change reaches only a 10%, and
up to 6,000 years this amounts to less than 5%.
Thus, whatever amounts of it participates in the met-
al or slag phase it remains almost the same today.
Thus, initial 2>°Th can be safely assumed known
and for N,(0) = 0 or near zero the family curves of
Fig.1c and Fig.4 for age determination may be used
accordingly. :

Measurements of 22Ra in different ores from
USA sites produced a wide range of values 0.18 —
140 disintegrations per gram of white lead (Braum,
1975).

Measurement of 226Ra and 239Th can be achieved
by using refined radiochemical and mass spectro-
metric techniques, such as the traditional alpha‘
spectrometry using ion exchange columns for iso-
topic separétion and counting, thermal ionization
mass spectrometry (TIMS), Multiple collector MC-
ICP-MS, LA-qICP-MS and SHRIMP-SIMS. Mass

quantity is restricted to milligram range and count-

ing errors to 1-2%.With a detection limit of 0.0028
counts/min in alpha spectrometry the useful dating
range is 2000 to 7000 years B.C. corresponding to er-
rors of +25 to +2% respectively. Another technique to
measure them is by alpha scintillation counting pairs
technique with thick source (TSAC) but with a larg-
er sample (Huntley et al. 1981, 1986; Aitken 1985;
Liritzis and Galloway 1982) and TSAC with silicon

V pin detector (Michael & Zacharias, 2000). In the

latter work continuous spectrum of alpha particles
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emitted from U and Th series is stripped in that the -

end point energies of the isotopes of interest are in-
tegrated and from devised equations regarding al-
Ppha particle ranges these isotopes are defined with
accuracy depending from available material and ra-
dioactivity content. This is more or less similar to
beta spectrum (Kurie plot), from plastic scintillator,
stripping for determinationnof K, Th and U contents
(see, Galloway and Liritzis, 1991). However, further
work should be focused on radium fractionation and
homogeneity issues and investigation of remaining
traces in metals.

For finds made of native copper, where no s-
melting has taken place, the method is not applica-
ble. However, the mixing of copper ores does not af-
fect the method.

‘When metal finds re-melt to make a new metal
artifact, the equilibrium is disturbed because radon
and polonium are removed, though soon after some
days equilibrium is set again. But the 22°Ra and
230Th activities and their activity ratio is not affect-
ed by the secondary re-melting process. In this case
the age refers to the metal finds made during first s-
melting and not to the later re-melting from mix-
ing.

The accuracy of the method depends from the
amount of sample and presence of isotopic meas-
urements of 226Ra and 230Th being about 1-2%.
However, for any residual minute traces of 226Ra in
the metal, it will be added to the radiogenically pro-
duced 226Ra. The presence of N(0) is not known
but may vary from the efficiency of metal separation
techniques.

Therefore, simulation.experiments of smelting
provide a clue regarding the quantities of these iso-
topes present. One would anticipate from modern
day experiments #2%Ra in secular equilibrium with
parent thorium-230 or uranium-238 in slag, and

ured Uand Th from prehistoric slags by alpha count-
ing (TSAC, thick source alpha counting employing
the pairs technique; Liritzis & Galloway 1982b;
Aitken 1985, 1990; Sjostrand and Prescott 2002)
would be expected to provide similar to ore values for
U and Th.

First experimental data and dis-
cussion
The alpha counter

Low-level alpha counter No. 7286 of Littlemore S-
cientific Instruments, Oxford, using ZnS (Ag) detec-
tor and with the built in software was employed ap-
plying the pair’s technique to measure uranium and
thorium contents (Aitken 1985; Sjostrand and Prescott
2002). The slow pairs determine the concentration of
Th and the fast pairs the concentration of U. The cal-
ibration factors calculated for the estimation of Th and
U, were made using the measured concentration of 15
standard samples (including clay, soil, granite, sand-
stones, limestones) (Liritzis et al. 2006)

U-calibration factor was 15.68+0.73 alpha pairs
counts/ppm and the Th-calibration factor was
3.95+0.16 counts / ppm for all types. U and Th con-
tents were alternatively calculated from analytical e-
quations (Aitken 1985). No assumptions had to be

- made for the Th/U ratio.

negligible in respective metal phase, a similar out- -

come occurring at the moment of ancient smelting.
Thereafter supported 226Ra from parent 230Th grows
towards equilibrium with U-series which is achieved
within around 9,000 years, and unsupported Ra de-
cays with its own half-life. Therefore, today meas-
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First Application

Alpha counting using pairs technique was used on:
a) ancient slag, b) modern slag, ¢) associated metal re-
main (prill), and d) contemporary finds of pure Al,
Fe, Cu.

The ELSEC low level alpha counter with ZnS (Ag)
screens was used. Slag were ground down to a mill to
less than 90 micron, dried overnight at 80° C, sealed
for one week and measured.

A) The prehistoric slag of 3rd millennium B.C.
from Abessalos site in Seriphos island (Aegean sea,
Greece). It gave 1.30+0.07 ppm for Uand 0.80+0.17
ppm for Th, and no disequilibrium between 226Ra and
24U with errors involved of around 20%. The XRF
analysis verified its silicious nature with major ele-
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ment concentrations, Si=39%, Fe=33.6%, Ca=11.7%,
Cu=0.97%, Al=1%.

Various copper ore and copper oxide deposits meas-
ured by alpha counting pairs technique gave quite low
natural Th and U values between zero to 2.5 ppm (Lir-
itzis, et al., 2007).

B) Slag and associated metal phase of copper prill
from a simulated experiment. These were extracted
from last year simulation outdoors experiment ( at
“Demokritos” Research Center, Athens, by Dr Y.Bas-
siakos who executed the experiment and kindly pro-
vided the samples and chemical analysis), using a
home made furnace bottom slag model, similar to that
found in Crysokaminos, Crete. The ore was in pieces
of almond like crop of cuprite and some malachite and
the flux was quartz and calcite. XRF indicated the si-
licious nature of the obtained slag with major element
content of Al=17.6%, Si= 38.5%, Fe=14.6%, Ca=5.3%

‘and Cu=0.88%.

Measurements were performed using thick source
alpha scintillation counting pairs technique. Uranium
and thorium values of slag were 3+0.5 ppm and
4.9:0.6 ppm respectively. Results for slag indicated
226Ra in equilibrium with the 234U by the TSAC with
silicon detector (TSAC) with errors around 20%
(Michael & Zacharias, 2000; Liritzis & Galloway,
1982b). Measurements of a tiny copper prill by LA-
QICP-MS gave Pb-210=0.0326 Bg/g (made for me at
Tubigen by Dr E. Pernicka). In recent painting with
white lead pigment Pb-210 ranges from 0.001-1.5
Bq/g. More spectrometry work is needed with a vari-
ety of metallic amounts and U concentrations to eval-
uvate errors. Alternatively, the TSAC technique would
be possible to measure the disequilibrium in metal
finds following Huntley et al., (1986) provided that the
sample is of some grams, has enough U content (a few
ppmy) and of circular shape to be accommodated into
the sample holder. In very small sized samples only
the mass spectrometry techniques can be used.

C) Accordingly, 226Ra / 234U disequilibrium -
226Rq deficiency (absence) and 23*U presence- with
associated errors around 20% was found for contem-
porary metal finds of aluminium, cupper and iron by
TSAC, where U were in the range of 0.5-0.8 ppm and

- Tharound zero (kindly provided by Dr C.Michael and

Dr N. Zacharias at our request), reinforcing the valid-
ity of the new dating method.

Work in progress using Laser Ablation-Quadru-
pole ICP- Mass Spectrometry focuses on isotopic meas-
urements of ancient slags and metals and contempo-
rary simulation experiments.

Conclusion

This preliminary work reviews earliest metallur-
gical processes, outlines current dating approaches to
metals and slags and indicates the potential of a new
dating method of ancient metals. The smelting proce-
dure removes radium and sets U-series in disequilib-
rium. Thereafter it grows from initially minute to ze-
To activities towards equilibrium with direct parent
thorium-230. Initial experimental data support this
novel rationale, although much more work is needed
to establish the validity of the method. The growth/de-
cay curve of radium, due to its half-life of 1600 years,
falls exactly within the archaeological period of inter- -
est. That is, from the earliest contact with ores, native
metal and first trials of smelting in crucibles, during
Neolithic period, through full production in Bronze
Age, the Iron Age the Classical period to Medieval
times makes a time span of around 7,000 years. The

" uncertainties can be defined and reduced through more
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spectrometric measurements of ancient and simula-
tion smelting experiments. The method has a great
potential and it is useful to dating especially prehistoric
metallurgical activities and in authenticity tests.
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Endnote

1 Bulk compositions undergo phase separation given suffi-
cient time. Therefore, those alloys that are single phase at
ambient temperature equilibrium cannot be dated, but for
two phase at equilibrium may be to a first approximation
be designated recent or antique according to whether they
are still single phase or whether they have undergone
phase separation. In fact in a given alloy of a composition
measure the extent of phase separation at a given tempera-
ture after increasing intervals of time, this also permits one
to determine the rate constant for phase separation for a
given composition at a given temperature, repeated series
of measurements at different temperatures the rate con-
stant is determined at each case, a lengthy experimental
programme. Gold alloy samples of various compositions
and ages can be analysed to determine the degree of phase
separation present, so providing information on the rate of
phase separation at ambient temperature. Once sufficient
reference data have been gathered, gold alloys of unknown
antiquity could be analysed for their elemental and phase
composition to give a rough indication of their age. In this
crude dating approach particular attention should be exer-
cised to distinguish phase separation due to slow cooling
conditions rather than due to long period of time at ambi-
ent temperature.

Similar arguments apply to the use of ordering processes

for dating gold alloys. Atomic ordering is in effect another”

- form of phase transformation, whereby a random array of
gold-copper atoms become redistributed into various more

orderly arrangements in space. The ordering process is
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restricted to alloys of low silver content. Again, as with
phase separation, determination of equilibrium diagram

for ordering at ambient temperatures is needed.





